Two acid mine drainage (AMD) sites in the Appalachian bituminous coal basin were selected to enrich for Fe(II)-oxidizing microbes and measure rates of low-pH Fe(II) oxidation in chemostatic bioreactors. Microbial communities were enriched for 74 to 128 days in fed-batch mode, then switched to flowthrough mode (additional 52 to 138 d) to measure rates of Fe(II) oxidation as a function of pH (2.1 to 4.2) and influent Fe(II) concentration (80 to 2,400 mg/liter). Biofilm samples were collected throughout these operations, and the microbial community structure was analyzed to evaluate impacts of geochemistry and incubation time. Alpha diversity decreased as the pH decreased and as the Fe(II) concentration increased, coincident with conditions that attained the highest rates of Fe(II) oxidation. The distribution of the seven most abundant bacterial genera could be explained by a combination of pH and Fe(II) concentration. Acidithiobacillus, Ferrovum, Gallionella, Leptospirillum, Ferrimicrobium, Acidiphilium, and Acidocella were all found to be restricted within specific bounds of pH and Fe(II) concentration. Temporal distance, defined as the cumulative number of pore volumes from the start of flowthrough mode, appeared to be as important as geochemical conditions in controlling microbial community structure. Both alpha and beta diversities of microbial communities were significantly correlated to temporal distance in the flowthrough experiments. Even after long-term operation under nearly identical geochemical conditions, microbial communities enriched from the different sites remained distinct. While these microbial communities were enriched from sites that displayed markedly different field rates of Fe(II) oxidation, rates of Fe(II) oxidation measured in laboratory bioreactors were essentially the same. These results suggest that the performance of suspended-growth bioreactors for AMD treatment may not be strongly dependent on the inoculum used for reactor startup.
N
iche models use environmental and geochemical information to explain and predict the composition and diversity of microbial communities. In these models, different geochemical conditions act as key niche parameters controlling microbial community composition. For example, pH (1) (2) (3) (4) , temperature (5) , organic carbon (6, 7) , and salinity (8, 9) have all been identified as major drivers of microbial niche differentiation in a variety of natural habitats. Spatial distance (10) (11) (12) (13) and temporal distance (14) (15) (16) can also structure microbial communities due to environmental heterogeneity, dispersal limitation, historical contingency, stochastic events, and disturbances. Extreme environments, such as acidic systems, can be useful as model systems for the analysis of microbial niches because of the limited biological diversity and available number of energy-deriving reactions (17) (18) (19) .
Microbial community composition and diversity have been well studied in acidic environments (17) (18) (19) . pH is often considered the most dominant explanatory variable for controlling microbial distribution across multiple acid mine drainage (AMD) sites, perhaps because it controls other geochemical variables (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) . pH, however, is not the only driver of microbial community composition in acidic environments. Geochemical variables, such as Fe concentration and speciation, dissolved oxygen, temperature, organic carbon, sulfate, conductivity, and other metal concentrations, have also been reported to affect microbial community dynamics in AMD systems (21, 22, (26) (27) (28) (29) (30) (31) (32) (33) . Hydrodynamic variables, such as velocity, retention time, turbulence, and precipitation patterns, can also affect microbial community dynamics (32, 33) . Across so-called terraced iron formations (TIFs), geochemical gradients establish such that Fe(II) and pH covary across each site (19, (34) (35) (36) . At TIF sites in the Appalachian bituminous coal basin, microbial assemblages have been well explained by the combination of pH and Fe(II) concentration (19, 36) .
Low-pH Fe(II)-oxidizing microbial communities can be incorporated into both passive and active AMD treatment systems. Natural or engineered TIFs can be used to oxidize Fe(II) and remove total iron [Fe(T)] in passive treatment systems (34) (35) (36) (37) (38) . Active bioreactors can also effectively oxidize Fe(II) and remove Fe(T) from solution and are considerably more effective than passive systems on a space basis. Acidophilic Fe(II) oxidizers Acidithiobacillus spp., Leptospirillum spp., and Ferrovum myxofaciens have all been enriched in both fixed-film and suspended-growth laboratory-scale bioreactors for AMD treatment (39) (40) (41) (42) . Natural, mine-impacted microbial communities dominated by Ferrovum myxofaciens and Gallionella-related strains were also enriched in pilot-scale bioreactors (33, 43, 44) .
In related work, we determined the enrichment of iron-oxidizing bacteria (FeOB) from two different sites in the Appalachian bituminous coal basin and operated chemostatic bioreactors through a range of pH and influent Fe(II) concentrations (Y. Sheng, K. Bibby, C. Grettenberger, B. Kaley, J. L. Macalady, G. Wang, and W. D. Burgos, submitted for publication). In this paper, we present results on the microbial community compositions in these bioreactors as determined by high-throughput 16S rRNA gene sequencing. These bioreactors were operated such that temperature, dissolved oxygen, and hydrodynamic conditions were invariant; only the pHs or the influent Fe(II) concentrations were varied. As these bioreactors were operated sequentially through each series of geochemical set points, temporal distance was defined as the cumulative number of pore volumes pumped through each reactor. The objectives of this research were to determine the effects of pH and Fe(II) concentration on predominant FeOB, to examine the microbial communities capable of the highest rates of Fe(II) oxidation and Fe(T) removal, and to evaluate the effect of temporal distance on microbial community structure.
MATERIALS AND METHODS
Bioreactor operation and sample collection. Details of site descriptions, field sampling, laboratory enrichment of Fe(II)-oxidizing microbial communities, and operation of the chemostatic laboratory bioreactors are included in the supplemental material and are available from our laboratory (Sheng et al., unpublished). Field rates of low-pH Fe(II) oxidation at eight AMD sites in the Appalachian bituminous coal basin, central Pennsylvania, were previously measured (35) . Among these sites, Scalp Level displayed the highest rate of Fe(II) oxidation, while Brubaker Run displayed the regional-average rate of Fe(II) oxidation. Surface sediments (top 2 cm) were collected from each site as seed material for microbial enrichments. Water was collected from the anoxic artesian springs for fed-batch enrichments and as influent for the flowthrough bioreactors. Water was filtered (0.2 m), sparged with N 2 , and stored in Al foilwrapped plastic bottles at 4°C before use.
Mixed cultures of naturally occurring microbes were enriched from the sediments using a no-flow, fed-batch operation. Biomass was first extracted from the sediments with 0.1% (mass/vol) sodium pyrophosphate (pH 3.5), transferred into the bioreactor vessel, and discontinuously fed ferrous sulfate at concentrations of 300 to 1,000 mg · liter Ϫ1 for 74 to 128 days. Automated control components of the bioreactors maintained a constant pH, temperature, and mixing speed, and the level of dissolved oxygen (DO) was constant.
After a common fed-batch enrichment period, each enrichment culture was divided for the pH series and the Fe(II) series experiments. For Scalp Level, the initial common enrichment period was 80 days, the pH series reactor was operated in fed-batch mode for an additional 17 days (97 days total), and the Fe(II) series reactor was operated in fed-batch mode for an additional 48 days (128 days total). For Brubaker Run, the initial common enrichment period was 30 days, the pH series reactor was operated in fed-batch mode for an additional 44 days (74 days total), and the Fe(II) series reactor was operated in fed-batch mode for an additional 83 days (113 days total). After fed-batch enrichment, each of these four reactors was switched to flowthrough mode, while the operational set point was maintained [defined by pH and influent Fe(II) concentration]. In all flowthrough experiments, the stirring rate was 50 rpm, the temperature was 20°C, and the hydraulic residence time was 6 h. For each set point, the reactor was operated until it achieved a pseudo-steady-state condition with respect to the Fe(II) oxidation rate. Prior to the changing of each set point, biofilm samples were collected from the wall of the bioreactor. A total of 40 biofilm samples were collected from the four bioreactor experiments: 21 from the pH series experiments (pH ϭ 2.1 to 4.2), 15 from the Fe(II) series experiments (influent [Fe(II)] ϭ 60 to 2,400 mg · liter Ϫ1 ), and 4 from the fed-batch enrichments (one from each). Four samples were also collected from the field sites (three from Scalp Level and one from Brubaker Run). All samples were immediately preserved in RNAlater stabilization reagent (1:3 [vol/vol]) (Qiagen), incubated at 4°C, and stored at Ϫ80°C until DNA extraction.
DNA extraction, PCR, and sequencing. For each site, all DNA extractions were performed together at the end of the flowthrough experiments. DNA was extracted from each sample using the PowerBiofilm DNA isolation kit (Mo Bio Laboratories) as described by the manufacturer. PCR was performed in quadruplicate using the 16S rRNA primers 515F and 806R, including sequencing and barcoding adapters, as previously described (45) . The PCR consisted of an initial denaturation step (94°C) for 3 min followed by 34 cycles of 96°C (30 s), 54°C (1 min), and 72°C (1.5 min) followed by a 10-min elongation (72°C), and products were checked on a 1% (wt/vol) agarose gel. No-template negative controls were included in all PCR runs to ensure that the reagents and equipment were not contaminated. PCR products were pooled and purified using the UltraClean PCR clean-up kit (Mo Bio Laboratories) and quantified using the Qubit 2.0 fluorometer (Invitrogen). The removal of primer dimers and other artifacts was confirmed via visual gel inspection. Following quantification, 0.1-pmol specimens of all sample PCR products were pooled. Samples were sequenced on an Illumina MiSeq sequencing platform (Illumina, San Diego, CA) with a MiSeq reagent kit, V2 (300 cycles), as previously described (45) .
Data analysis. Sequence data were analyzed using QIIME 1.7.0.29 (46) . The sequences were demultiplexed and filtered to remove sequences that did not contain a correct sample barcode and did not have a quality score of Q20 or higher. Demultiplexed and quality-filtered sequences are available on MG-RAST (accession no. 4672512.3) (47). Closed-reference operational taxonomic units (OTU) were predicted from the quality-filtered sequences (pick_closed_reference_otus.py) at 97% similarity and assigned taxonomy based on the Greengenes 13_8 database (48) . There is ongoing debate as to the best OTU picking strategy; we opted for closed reference picking to maximize OTU stability and computational efficiency (49) . We believe this approach to be valid, as the vast majority of all samples were comprised of a limited subset of taxa. Alpha diversity was calculated using the observed_species and PD_whole_tree metrics within QIIME. Alpha diversity in the Brubaker Run field sample was calculated on the basis of 30,000 randomly selected sequences to allow even comparison. Alpha diversities in other samples were all calculated based on the number of sequencing reads (Table 1) . Beta diversity was conducted by UniFrac analysis (50) . Weighted UniFrac metrics were calculated based on pairwise distance values. Linear regression analysis was conducted between operational/geochemical parameters [i.e., pore volume, pH, influent Fe(II), and Fe(II) oxidation rate] and the number of observed OTU, phylogenetic diversity for alpha diversity, pairwise UniFrac distance for beta diversity, and relative abundance of individual bacterial phyla and genera for taxonomic diversity. One-way analysis of variance was conducted on these data with a 99.9% confidence level. Statistical analyses were implemented with SPSS 19.0 software (IBM Company, 2010).
RESULTS AND DISCUSSION
Diversity of microbial assemblages. The numbers of OTU observed in the field samples compared to numbers in the four fedbatch enrichment reactors (two per site) decreased in three of the four cases ( Fig. 1A and D) . For Scalp Level, numbers of observed OTU were higher in the field sediments than in both enrichment reactors (Table 1 ). In contrast, for Brubaker Run, numbers of observed OTU were either lower (Fig. 1A ) or higher ( Fig. 1D ) in the field sediments than in the enrichment reactors. These changes occurred over 97 to 128 days for the Scalp Level enrichments and over 74 to 113 days for the Brubaker Run enrichments.
Once switched to flowthrough mode, the changes in alpha diversity over time were greater in the Brubaker Run bioreactors than in the Scalp Level bioreactors ( Fig. 1A and D) . Alpha diversity was measured by determining numbers of observed OTU (Fig. 1) or by determining phylogenetic diversity (see Fig. S2 in the supplemental material). Numbers of OTU observed in the Scalp Level bioreactors were lower and less varied than in the Brubaker Run bioreactors. At the end of the first flowthrough operational set points, numbers of OTU observed in both Scalp Level bioreactors continued to decrease compared to numbers observed under the preceding fed-batch conditions. In contrast, numbers of OTU observed in both Brubaker Run bioreactors increased from the time of fed-batch conditions to the time of the first operational set points.
Alpha diversity increased over the course of the pH series experiments but decreased over the course of the Fe(II) series experiments. Positive linear correlations between numbers of observed OTU and the cumulative number of pore volumes (i.e., temporal distance) were significant for the pH series experiments for Scalp Level (P Ͻ 0.001) ( Table 2 ) and for Brubaker Run (P ϭ 0.003) ( Table 3) . Negative linear correlations between numbers of observed OTU and the cumulative number of pore volumes, however, were not significant for the Fe(II) series experiments for Scalp Level (P ϭ 0.27) or for Brubaker Run (P ϭ 0.14). Numbers of observed OTU significantly decreased at low pH (Fig. 1B) , consistent with many other studies that demonstrate decreased microbial diversity under more-extreme acidic conditions (8, 9, 21, 22, 51) . Numbers of observed OTU also significantly decreased when the bioreactors attained their highest rates of Fe(II) oxidation ( Fig. 1C and F) .
Linear correlations existed between numbers of observed OTU and influent Fe(II) concentrations but were not statistically significant (Fig. 1E) . Correlations for both the Scalp Level and Brubaker Run Fe(II) series bioreactors, however, were negative. One may have anticipated an increase in microbial diversity in response to the increased substrate concentration for FeOB. Instead, a decrease in richness may be indicative of a stress response to the extreme condition of an elevated metal concentration.
Taxonomic compositions of microbial assemblages. Microbial community structures (phylum level) were distinct between the Scalp Level and Brubaker Run sites (Fig. 2) . The microbial ecologies of the field samples evolved differently through the fedbatch enrichment periods. The microbial ecology of the flowthrough bioreactor series, in turn, evolved differently from that of the respective fed-batch systems. Gammaproteobacteria, Alphaproteobacteria, and Actinobacteria were predominant in the Brubaker Run bioreactors, while Betaproteobacteria and Nitrospirae were predominant in the Scalp Level bioreactors. These five bacterial phyla accounted for more than 95% of the total 16S rRNA gene sequences across all bioreactor samples. Archaea such as Euryarchaeota and Crenarchaeota were extremely rarely detected (Ͻ0.001%).
For the Scalp Level pH series bioreactor, the relative abundances of Betaproteobacteria, Alphaproteobacteria, and Actinobacteria increased over time and with increased pH, while those of Gammaproteobacteria and Nitrospirae decreased ( Fig. 2A) . "Cyanobacteria" (including chloroplast sequences) disappeared from the community following the laboratory enrichments. The thermal jacket wrapped around the reactor kept the laboratory systems darker than the field systems and likely caused the decline of phototrophs. Similar distributions of the predominant bacterial phyla were also detected in the Brubaker Run bioreactors (Fig. 2B and D) . Data in Fig. 2 are aligned along the temporal axis of the experiments (i.e., the cumulative number of pore volumes) such that certain geochemical set points were repeated later in the experimental sequence (denoted with an "r" at the end of the label). Cluster analysis based on weighted UniFrac distance matrices confirmed that microbial communities from repeated geochemical set points did not return to their original compositions (see Fig. S3 in the supplemental material). The hysteretic behavior of microbial community composition highlights the importance of time in ad- dition to geochemistry on microbial community shifts within these closed systems.
Influence of geochemistry on microbial communities. The influences of pH and Fe(II) concentration on microbial community structure were evaluated using a series of linear correlations (Tables 2 and 3 ). As noted above, numbers of observed OTU were significantly positively correlated with pH. Numbers of observed OTU were negatively correlated with Fe(II) concentrations, although these correlations were not significant (P values of 0.086 and 0.178). Correlations were also established for the five predominant phyla and the seven most abundant genera. The autotrophic Fe(II)-oxidizing bacteria Acidithiobacillus, Ferrovum, Gallionella, and Leptospirillum, the heterotrophic Fe(II)-oxidizing bacterium Ferrimicrobium, and the heterotrophic bacteria Acidiphilium and Acidocella-like species predominated in all bioreactors (91 to 94% in the Scalp Level bioreactors; 80 to 85% in the Brubaker Run bioreactors). Gray shading is used in Tables 2 and 3 to highlight significant correlations (P Ͻ 0.05). This shading helps demonstrate that components of the microbial communities were more often correlated with pH and that more correlations were observed in the Scalp Level system.
Of the 14 genus-based correlations for the pH series experiments (7 genera in each of two systems), the relative abundances for nine conditions were significantly correlated with pH (Fig. 3) . For the Fe(II) series experiments, only 2 (Acidiphilium and Ferrovum), both in the Brubaker Run bioreactor, of the 14 conditions were significantly correlated with Fe(II) concentration (see Fig. S4 in the supplemental material). The relative abundances of Acidithiobacillus, Leptospirillum, and Acidiphilium tended to decrease with pH, while those of Gallionella, Ferrimicrobium, and Acidocella tended to increase with pH. The relative abundance of Ferrovum, one of the most predominant genera, was not strongly correlated with pH.
While the highest rates of Fe(II) oxidation occurred at the lowest pH values, the highest rates of Fe(T) removal occurred at a pH between 2.9 and 3.3, which is an optimal condition for AMD bio- reactors (Sheng et al., unpublished). When the Scalp Level pH series bioreactor was operated between a pH of 3.0 and 3.3, Ferrovum-like species accounted for 60 to 80% of the relative abundance. When the Brubaker Run pH series bioreactor was operated between a pH of 2.9 and 3.2, both Ferrovum (15 to 50%) and Acidithiobacillus (20 to 50%) were dominant members of the microbial communities. For both the Scalp Level and the Brubaker Run pH series bioreactors, Gallionella accounted for up to 15 to 20% of the relative abundance in this pH range. The previously identified predominance of these FeOB in both laboratory-scale (34) and pilot-scale (33, 44) bioreactors (pH ϳ3 for both) is consistent with that of our current study. While the predominant genera were very different in the Scalp Level and Brubaker Run bioreactors, the rates of Fe(II) oxidation were very similar ( Fig. 1C  and F) .
When the pH set points of the bioreactors decreased from a pH of 2.9 to 2.1, the rate of Fe(II) oxidation increased but the rate of Fe(T) removal decreased. In this pH range in the Scalp Level bioreactors, the relative abundance of Leptospirillum peaked at 61% (Fig. 3) . In contrast, the relative abundance of Leptospirillum was less than 3% in this pH range in the Brubaker Run bioreactor. The relative abundance of Leptospirillum was never greater than 6% in any sample from the Brubaker Run bioreactors. Leptospirillum has been found to be most abundant in extremely acidic AMD environments (e.g., pH Ͻ1.5), where the species of this genus outcompete less acid-tolerant Acidithiobacillus and Ferrovum organisms (23, 24, 52) . The relative abundance of Acidithiobacillus, however, also increased at lower pH values and was dominant in the Brubaker Run bioreactor, consistent with the predominance in many low-pH niches (pH ϳ2) (25) (26) (27) (28) . Ferrovum consistently maintained a high relative abundance (15 to 50%) in all bioreactors. When the pH set points of the bioreactors increased from a pH of 3.3 to 4.2, both the rate of Fe(II) oxidation and the rate of Fe(T) removal decreased. At the highest pH values, the relative abundance of Acidithiobacillus, Ferrovum, and Leptospirillum decreased, while that of Gallionella and Ferrimicrobium increased. In the Brubaker Run pH series bioreactor, Acidiphilium reached its lowest abundance and Acidocella reached its highest abundance at a pH of 4.2. Heterotrophic Alphaproteobacteria (e.g., Acidiphilium spp. and Acidocella spp.) are commonly detected in acidic biofilm streamers and are assumed to colonize after autotrophic Fe(II) oxidizers become established (26) (27) (28) (53) (54) (55) (56) .
When the influent Fe(II) concentrations in the bioreactors increased from 60 to 2,400 mg/liter, both the rate of Fe(II) oxidation and Fe(T) removal increased. Only four components of the microbial communities were significantly correlated with Fe(II) concentration (Tables 2 and 3 ).
While pH has been cited as the most important geochemical variable affecting microbial community structure in soils (1-4), sediments (51) , and mine-impacted environments (21, 22) , a geochemical niche model based on pH and Fe(II) concentration was recently developed for similar AMD systems in the Appalachian bituminous coal basin (36) . The abundances of Acidithiobacillus, Ferrovum, and Gallionella were quantified by cell counts using fluorescent in situ hybridization (FISH). At the Upper and Lower Red Eye AMD sites, Ferrovum was most abundant at locations with a pH of Ͻ3.0 and Fe(II) concentrations of Ͼ230 mg/liter, while Acidithiobacillus was most abundant at locations with a pH of Ͻ3.0 and Fe(II) concentrations of Ͻ230 mg/liter. Gallionellaceae were most abundant at locations with a pH of Ͼ3.0 and Fe(II) concentrations of Ͼ210 mg/liter. Numerically strict geochemical niches are difficult to define in the field, because many geochemical parameters [e.g., temperature, DO, pH, Fe(II), Fe(III), C, nutrients] covary and because seasonal variations in hydrology confound spatial delineations. While field relevance may be diminished, closed chemostatic bioreactors, as used in the current study, allow for finer geochemical-niche differentiation. Level (C) and Brubaker Run (D). Relative abundances are based on sequences classified at the phylum level (97% sequence similarity). Bars are aligned in the order of geochemical set points. The "r" at end of some bar labels represents the repeated geochemical set points in the experimental sequence. The Scalp Level field sample was collected nearest the sampling location for the batch enrichment. "Field*" in panels A and C represents the Scalp Level sample that excluded chloroplast sequences. All other samples included chloroplast sequences (but averaged Ͻ0.001% relative abundance).
Instead of presenting relative abundance, we present qualitative geochemical-niche models based on the normalized relative abundances of the most predominant genera (Fig. 4) . In this case, the maximum relative abundance ever measured (from 36 set points for both the Scalp Level and Brubaker Run bioreactors) for each genus was used to normalize all other values. Unnormalized relative abundances are presented in Fig. 3 (see also Fig. S4 in the supplemental material). Shaded shapes used in Fig. 4 to highlight each genus' niche follow contours of normalized-relative abundance. These geochemical niches are potentially influenced by the range of geochemical set points used in our experiments but are still useful for comparison purposes. Ferrovum was found to be abundant across all pH values and Fe(II) concentrations tested, with a peak at a pH close to 2.7 and an Fe(II) concentration of 600 mg/liter. Acidithiobacillus was found to predominate at a pH of Ͻ3.0 but was not strongly restricted by Fe(II), with a peak at a pH of 2.9 and an Fe(II) concentration of 300 to 600 mg/liter and with a secondary peak at a pH of 2.7 and an Fe(II) concentration of 1,300 mg/liter. Leptospirillum was found to predominate at a pH of Ͻ2.7 and an Fe(II) concentration of Ͻ1,000 mg/liter, with a peak at a pH close to 2.4 and an Fe(II) concentration of 300 mg/ liter. Gallionella was found to predominate at a pH of Ͼ3.0 and an Fe(II) concentration of Ͻ1,500 mg/liter. Ferrimicrobium was found to predominate at a pH of Ͼ2.9 but was not strongly restricted by Fe(II). Acidiphilium was found to predominate at a pH of Ͻ2.9 and an Fe(II) concentration of Ͻ500 mg/liter. Acidocella was found to predominate at a pH of Ͼ3.1 and an Fe(II) concentration of Ͻ700 mg/liter. Normalized relative-abundance plots for each individual site (based on 17 set points for Scalp Level or 19 set points for Brubaker Run) are presented in Fig. S5 and S6 in the supplemental material.
Influence of time on microbial communities. We hypothesized that microbial communities from different environments would become more similar after extended laboratory incubations in closed systems maintained under similar hydrogeochemical conditions. To test this hypothesis, we calculated weighted UniFrac metrics based on pairwise distance values. When we analyzed all 44 samples (Table 1) , the first two UniFrac-based principal coordinates (PCo1 plus PCo2) explained 91.9% of the total variance. Based on this principal-coordinate analysis (PCoA) (Fig. 5) , the field samples (black squares) plotted separately from one another. The Scalp Level communities and the Brubaker Run communities remained distinct through the whole operation of the fed-batch enrichment reactors and the flowthrough bioreactors. As discussed below, while geochemical niches for specific FeOB were similar for the Scalp Level and Brubaker Run systems, the overall community structures did not converge. These results demonstrate that these findings are not mutually exclusive.
The fed-batch enrichment procedure had a profound effect on the microbial communities in these systems. In both systems, the microbial communities continued to change during the enrichment period. For example, with Scalp Level, the microbial community shifted from the field conditions (Fig. 5 , black squares in upper panel) to the start of the pH series experiments (enlarged blue circle; 97-day incubation) and shifted again by the start of the Fe(II) series experiments (enlarged red triangle; 128-day incubation). Similarly, with Brubaker Run (Fig. 5, lower panel) , the field community (black square) shifted by the start of the pH series experiment (enlarged blue circle; 74-day incubation) and shifted again by the start of the Fe(II) series experiments (enlarged red triangle; 113-day incubation). Microbial community shifts during the fed-batch enrichments may have been affected by a general increase in ionic strength caused by the addition of FeSO 4 (substrate) and NaOH (pH control). While the Brubaker Run system had higher numbers of observed OTU (Fig. 1) and greater phylogenetic diversity (see Fig. S2 in the supplemental material), its microbial communities were more constrained when plotted against these principal coordinates (Fig. 5) . Smaller changes in the microbial assemblages in the Brubaker Run system than in the Scalp Level system may indicate that this system was less sensitive to geochemical perturbations. The arrows in Fig. 5 represent the chronological steps in the operation of each chemostat. All of the Brubaker Run samples were well constrained, and the chronological trajectories are somewhat convergent toward the original field community. For Scalp Level, the chronological trajectories are more divergent and do not appear to return toward the field community.
Temporal distance may also be a simple explanation for the differences between these evolving microbial assemblages (Fig. 6) . Weighted UniFrac distance and temporal distance (the cumulative number of pore volumes) were significantly positively correlated (P Ͻ 0.001) for all flowthrough bioreactor samples. At the hydraulic residence time of 6 h used in this study, 100 pore volumes equated to 25 days, and these bioreactors were operated for 52 days (Brubaker Run) to 138 days (Scalp Level) in flowthrough mode. If we consider these bioreactors to be closed and continuously enriched systems, then temporal distance may be as important as geochemical distance in influencing the compositions and diversity of these microbial communities. Samples taken a short time apart from one another may share a historical connection and adapt to the lingering effects of past environmental selection (19, 57) . While microbial communities are assumed to be resilient, a number of factors, including physiology, history, and environment/geochemistry, can cause microbial community changes/ succession. When the bioreactors were returned to a previous geochemical set point, however, microbial communities in all chemostat series did not return to the compositions observed after initial operation at the same set point.
Environmental implications. We found that pH, Fe(II) concentration, and alpha diversity significantly influenced the rate of Fe(II) oxidation. pH and species richness were negatively correlated with the rate of Fe(II) oxidation, while the influent Fe(II) concentration was positively correlated with the rate of Fe(II) oxidation. These relationships can be exploited when using bioreactors for AMD treatment, specifically through pH control. During field-scale operation, the bioreactor communities would likely exclude new immigrant taxa due to the constraining influence of low pH and founding effects. Over time, this can create diversity-poor climax communities that rapidly oxidize Fe(II). However, since diversity covaries with low pH, it is not possible to attribute the high rate of iron oxidation to low alpha diversity per se. Instead, the high rate of Fe(II) oxidation may result from the increased free energy available for FeOB through Fe(II) oxidation at a low pH (38) .
Consistently with these bioreactor results, lower microbial diversities have been shown to typically occur in more acidic and saline environmental settings (8, 9, 21, 22, 35, 51) . In addition to the observed geochemical pressures on community dynamics, the type and frequency of disturbance may affect the diversity of microbial communities in the bioreactors. According to the intermediate disturbance hypothesis, alpha diversity peaks in communities when ecological disturbance is neither too rare nor too frequent (58, 59) . Under intermediate levels of disturbance, species that can thrive at both early and late successional stages can coexist. pH changes in the bioreactors may have encouraged high alpha diversity by constituting a more acceptable level of disturbances than changes of influent Fe(II) concentrations. If changes in influent Fe(II) concentrations did not serve as a source of disturbance for the bioreactor microbial communities, then the constant pH in the influent Fe(II) series would encourage low alpha diversity under this low-disturbance regime. Thus, to encourage low alpha diversity in AMD bioreactors to promote high rates of Fe(II) oxidation, it would be prudent to tightly control the pH of the bioreactor.
This study showed that different microbial communities enriched from two sites maintained distinct microbial community traits inherited from their respective seed materials. Long-term operation (up to 128 days in a fed-batch enrichment followed by up to 138 days of flowthrough experiments) of these two systems did not lead to the same, or even more similar, microbial communities. However, these bioreactors did oxidize Fe(II) and remove Fe(T) at very similar rates. These results suggest that the performance of suspended-growth bioreactors for AMD treatment may not be strongly dependent on the inoculum used for reactor startup. This would be advantageous, because system performance should be well constrained and predictable for many different sites.
